We describe some interesting features that arise when slow and fast light structures are introduced in interferometers. With different configurations, one can obtain a spectral sensitivity enhancement of the interferometer or an enhanced robustness to laser frequency drifts. Furthermore, we describe simple practical ways to implement slow and fast light media in practical interferometers. We believe that these ideas may have interesting implications in optical sensing.
INTRODUCTION
Slow light is known to be a very attractive approach to achieve all-optical delay lines and to provide a timing tool for photonic signal processing 1. Successful experiments to control the light group velocity have been widely reported these past few years [2] [3] [4] [5] [6] [7] [8] , showing the possibility to slow the speed of light up to nearly stopping it or to achieve group velocities exceeding the vacuum light velocity c. Most of these experiments use special media like cold atomic gases or electronic transitions in crystalline solids (such as ruby or alexandrite) working at well defined wavelengths. A significant step towards real applications has been achieved last year when slow light was experimentally and efficiently demonstrated in optical fibres using stimulated Brillouin scattering 9 (see also [10, 11] ) and later other nonlinear interactions with larger natural bandwidth but reduced efficiency 12.
A slow light medium is a medium in which a very large group index n g is obtained. Conversely, a fast light medium is a medium in which a very small (<1) or negative group index is obtained. The group index (n g ) is related to the phase index (n p ) by:
The group index of the medium is related to the time delay ( t) of an optical pulse traveling through it by the following equation:
All the experiments of slow and fast light performed up to now require the presence of narrowband spectral resonances in the medium. Spectral resonances have a complex response function, so that they introduce an extremely narrowband peak in the absorption/gain characteristics of the medium while there is also a sharp transition in the effective refractive index of the material. This sharp transition induces a strong change in the group index, which is responsible for large changes in the relative delay of an optical pulse as it travels through a material. This situation is depicted in Fig. 1 , where the real and complex parts of the refractive index of a Lorentzian absorption have been depicted.
-Real (n') and imaginary (n") parts of the refractive index in a Lorentzian resonance, and the corresponding shape of the group index. A large decrease of the group index in the center of the resonance can be obtained.
It has been recently pointed out that slow light can have very interesting applications in optical sensing. Indeed, in the last years several proposals of optical sensors have been made that use slow and fast light concepts [15] [16] [17] [18] [19] . In particular, it is well-known that slow light may be used to enhance the sensitivity to electro-optic effects. The enhancement introduced by slow light in such devices is given by n g 2 . This enhancement is caused by two effects: first, the effective interaction length in the medium is increased by a factor n g ; second, the optical intensity in the medium is also increased by the same amount [15, 16] . Another potential application of slow light in sensing comes from the possibility of obtaining group velocities of light as small as the speed of sound. In this case, strong sound-matter interactions can be obtained with very interesting outcomes [17] . Some researchers have also pointed out the possibility of using slow light in interferometers [18] with large potential increases in the sensitivity. In this paper, we report on some interesting effects that can be obtained in interferometers when they include slow and fast light media. We observe that the spectral sensitivity of the interferometers can be largely enhanced (in the case of slow light) or reduced. Both effects are of great interest: in the case of an enhancement of the spectral sensitivity, this could be used to obtain impressive increases in the accuracy of frequency meters. In the case of a reduction of the sensitivity, this could be used to make the interferometer more robust to laser frequency drifts while preserving the sensitivity to length changes.
SPECTRAL SENSITIVITY OF INTERFEROMETERS THAT USE SLOW AND FAST LIGHT MEDIA
We start by considering a simple Fabry-Perot interferometer filled with a slow or fast light medium. Similar analysis apply to other types of interferometers, so this is just a particular case of a more general class of effects that are common to the use of slow light media in interferometers. In a Fabry-Perot interferometer, the transmission is given by:
where R is the reflection coefficient of the facets and is the phase difference between two beams in a round-trip, hence:
where we have assumed normal incidence. The transmission spectrum of a conventional Fabry-Perot exhibits resonances in frequency that are spaced by the free spectral range (FSR), being FSR=c/nL, and the width of these resonances is given by the finesse of the device (F) through the relationship f=FSR/F. These relationships are obtained assuming that the refractive index of the medium inside the cavity does not change with frequency. In the presence of a strongly dispersive medium like a slow or fast light medium, these relationships change drastically. For simplicity, let us assume that we are centered at the peak of a Fabry-Perot resonance, hence =2 m, m being an integer. A rapid look at equation (3) is enough to see that the width of the resonance is directly related to the rate of change of with frequency, hence:
This is, the width of the resonance depends directly on the group index. Higher group indexes (slow light media) will yield narrower resonances, and smaller group indexes (fast light media) will yield broader resonances (potentially infinite for n g =0, similar to a white light cavity [20] ). In other words, with a slow light medium in the cavity, the spectral sensitivity of the device can be enhanced by a factor that is proportional to the group index. Taking into account that group indexes in the order of 10 6 and 10 7 have been demonstrated in atomic vapors, this sensitivity enhancement can be extremely important and can lead to unprecedented accuracy in some measurements.
Another surprising consequence is that, even if the spectral width of the device is changed, the sensitivity to length changes (displacements) remains absolutely intact. This is a very interesting and rather surprising outcome, and may be used to circumvent some usual trade-offs in these devices between FSR, finesse and spectral sensitivity. Again, we stress on the fact that these relationships apply for any kind of interferometer. For instance, in a Michelson interferometer the same number of fringes would be counted under the same length change, regardless of the medium used.
Of course, in all these derivations it should be taken into account that slow and fast light media are usually extremely narrowband, and hence these estimations can not hold over a wide wavelength range. But still, these rough estimations may indicate the great potentialities of slow light in interferometers.
HOW TO MAKE PRACTICAL SLOW OR FAST LIGHT MEDIA
Concerning slow and fast light media, there is one thing that has to be clear in the fiber sensing community: any medium exhibiting a sharp (gain or loss) resonance can potentially exhibit slow or fast light. Even though many of the experiments of slow and fast light have been performed in exotic media like atomic vapors, these are by no means necessary. We already showed in previous papers that slow and fast light can also be achieved in a conventional optical fiber (using stimulated Brillouin scattering) under the adequate pumping conditions [21] .
In this section we prove that controllable fast light can be achieved in a simple, cheap and widely available optical material: in rhodamine 6G diluted in methanol. This medium exhibits a sharp absorption in the visible at a wavelength of 530 nm, as shown in Fig. 2 . The group index in the resonance can be simply tuned by increasing the rhodamine concentration in the solution. We believe that, under the adequate pumping conditions, this material can also exhibit slow light. However, pumping in this case may be costly. A simpler way to obtain slow light may come from making a mixture of two dyes with close resonances. In the spectral region between the resonances, the material is highly likely to exhibit slow light (a similar technique was used in [22] to create slow light in fiber from two loss resonances).
CONCLUSIONS
We have described some effects that arise when slow and fast light structures are introduced in interferometers. With different configurations, one can obtain a spectral sensitivity enhancement of the interferometer or an enhanced robustness to laser frequency drifts. Furthermore, we describe simple practical ways to implement slow and fast light media in practical interferometers by using dye solutions. We believe that these ideas may have interesting implications in optical sensing.
